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Abstract Explosivevolcanic eruptions have large climate impacts and can serve as observable tests of
the climatic response to radiative forcing. Using a high-resolution climate model, we contrast the climate
responses to Pinatubo, with symmetric forcing, and those to Santa Maria and Agung, which had
meridionally asymmetric forcing. Although Pinatubo had larger global-mean forcing, asymmetric forcing
strongly shifts the latitude of tropical rainfall features, leading to larger local precipitation/tropical cyclone
changes. For example, North Atlantic tropical cyclone activity over is enhanced/reduced by SH forcing
(Agung)/NH forcing (Santa Maria) but changes little in response to the Pinatubo forcing. Moreover, the
transient climate sensitivity estimated from the response to Santa Maria is 20% larger than that from
Pinatubo or Agung. This spread in climatic impacts of volcanoes needs to be considered when evaluating
the role of volcanoes in global and regional climate and serves to contextualize the well-observed response
to Pinatubo.

1. Introduction
Large volcanic eruptions, especially those that occur within low latitudes, can have a great impact on the
global climate (Robock, 2000; Swingedouw et al., 2017). Sulfur-rich gases are injected into the stratosphere,
where they evolve into sulfate aerosols (Robock, 2000). These aerosols scatter solar radiation, scatter and
absorb longwave radiation, and therefore perturb the energy balance of the planet and affect global climate.
As a result, global-mean surface temperature decreases while the lower stratosphere warms. These radiative
and thermal perturbations can in turn lead to changes in various components of the global climate system,
that is, the El Niño–Southern Oscillation (McGregor & Timmermann, 2011; Maher et al., 2015; Stevenson
et al., 2016; Khodri et al., 2017; Predybaylo et al., 2017; Liu et al., 2018), the Intertropical Convergence Zone
(ITCZ; ; Zuo et al., 2018; Pausata & Camargo, 2019), tropical cyclones or TCs (Evan, 2012; Guevara-Murua
et al., 2015; Jones et al., 2017; Yan et al., 2018; Camargo & Polvani, 2019; Pausata & Camargo, 2019), polar
vortex and North Atlantic Oscillation (Robock & Mao, 1992; Kirchner et al., 1991; Wunderlich & Mitchell,
2017), Arctic sea ice (Stenchikov et al., 2009; Ding et al., 2014; Gagnė et al., 2017), and Atlantic Merid-
ional Overturning Circulation (Stenchikov et al., 2009; Ding et al., 2014; Pausata et al., 2015; Swingedouw
et al., 2015). However, the impacts of volcanoes often have large uncertainties that arise either from the
low signal-to-noise ratio (Driscoll et al., 2012; Ménégoz et al., 2017; Swingedouw et al., 2017; Wunderlich
& Mitchell, 2017; Polvani et al., 2018) or their dependence on the initial state of the climate (Thomas et al.,
2009; Zanchettin et al., 2013; Pausata et al., 2015; Swingedouw et al., 2015; Lehner et al., 2016; Pausata et al.,
2016; Ménégoz et al., 2017; Gagnė et al., 2017; Predybaylo et al., 2017), and the estimation of the impacts
might also be model-dependent even the same volcanic radiative properties are specified (Zanchettin et al.,
2016).

In addition to the uncertainties described above, climatic impacts from large volcanic eruptions also depend
on the latitudinal distribution of stratospheric aerosol loadings and the associated radiative forcing structure
(Toohey et al., 2014; Toohey et al., 2019). The volcanic radiative forcing can be approximately balanced
between the two hemispheres (symmetric), as in the Pinatubo eruption in 1991, or more concentrated over
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a single hemisphere (asymmetric). The differentiated cooling induced by the asymmetric forcing can have
important impacts on the climate, especially on the hydroclimate (Haywood et al., 2013; Pausata et al., 2015;
Colose et al., 2016). For example, Haywood et al. (2013) found that three of the four driest Sahel summers
over the twentieth century were preceded by large NH volcanic eruptions. Using the HadGEM2-ES climate
model, they conducted two groups of experiments to compare the Sahel rainfall responses to the NH and
SH radiative forcings. In the first group, Sahel rainfall anomaly driven by the El Chichon eruption in 1982,
which is a NH-type volcanic forcing (with a 13:6 NH:SH forcing ratio), is compared to that driven by the
interhemispherically flipped forcing of El Chichon (and thus is the SH forcing). In the second group, the
comparison is between two geoengineering experiments of injecting sulfur dioxide into the stratosphere of
NH and SH to mimic the volcanic eruption effect. Both the two groups of experiments indicate an increase
(reduction) of Sahel summer rainfall from the SH (NH) volcanic forcing. The Haywood et al. (2013) study was
then extended in Jones et al. (2017) to look at TC impacts and they found that North Atlantic TC responds to
different types of volcanic forcings in a similar way to the Sahel summer rainfall; that is, SH (NH) volcanic
eruptions enhance (reduce) North Atlantic TC activity.

From the numerical experiment in the climate model NorESM1-M to mimic the impact of 1783 Laki
eruption in Iceland, Pausata et al. (2015) found that NH high-latitude volcanic eruption pushes the ITCZ
southward, weakens the trade winds over the western and central equatorial Pacific, and thus favors a devel-
opment of an El Niño-like anomaly. They also found that the Atlantic Meridional Overturning Circulation
is strengthened in the first 25 years after eruption and then keeps weakening for at least 35 years. Colose
et al. (2016) used historical simulations from two climate models (National Aeronautics and Space Admin-
istration Goddard Institute for Space Studies ModelE2-R and National Center for Atmospheric Research
Community Earth System Model version 1.1) to examine the climatic impact from symmetric and asymmet-
ric volcanic eruptions over the preindustrial part of the last millennium, that is, 850–1850. They also found
that the ITCZ shifts away from the hemisphere with greater volcanic forcing. The ITCZ response can be
understood in the framework of atmospheric energetics (Kang et al., 2008; Kang et al., 2009; Schneider et al.,
2014), which predicts that differentiated heating and cooling between the two hemispheres will push the
ITCZ to move from the cooling hemisphere toward the warming hemisphere so that the externally exerted
heating and cooling are partly counteracted by the anomalous Hadley circulation.

In this study, we investigate different impacts from symmetric and asymmetric volcanic eruptions by focus-
ing on three of the major explosive volcanic eruptions in the twentieth century: the Pinatubo eruption in
1991 (symmetric), the Agung eruption in 1963 (SH asymmetric), and the Santa Maria eruption in 1902 (NH
asymmetric). As a reference, the estimated global stratospheric sulfate loading is 30 Tg for the Pinatubo, 17
Tg for the Agung, and 4 Tg for the Santa Maria (Robock, 2015). We use the Forecast-oriented Low Ocean
Resolution (FLOR; Vecchi et al., 2014) coupled climate model to study the impacts from the three eruptions
by conducting ensemble perturbation experiments. The FLOR model has a horizontal resolution of about
50 km for the atmosphere and land, which is higher than most models used in the volcanic-eruption-climate
modeling and makes it possible for a direct assessment of TC's response to volcanic eruptions. Detailed
description of the model is presented below in the subsection of model description. The key questions we will
address include the following: How do global surface temperature and precipitation respond differently to
the three different types of volcanic eruptions? What is the response of TC activity? Does the climate respond
proportionally to the global-mean volcanic forcing? The paper is organized as follows: Section 2 describes
the model, experiment setup and volcanic forcing data set. Section 3 presents the results of different climatic
impacts from the three eruptions. Conclusions and a discussion are presented in section 4.

2. Methodology
2.1. Model Description
The FLOR model (Vecchi et al., 2014) is a descendant from the CM2.5 (Delworth et al., 2012) and CM2.1
model (Delworth et al., 2006) of the Geophysical Fluid Dynamics Laboratory (GFDL). It keeps the relatively
low resolution (approximately 1◦) ocean and sea ice components of CM2.1 but has a horizontal resolution
of about 50 km in the atmosphere and land, and a significantly improved land model (LM3; Milly et al.,
2014) from CM2.5. Thanks to this configuration, the FLOR climate model is capable of resolving TCs directly
(i.e., TC permitting) yet is still computationally efficient. It has been extensively used in research of TCs
(Vecchi et al., 2014), Arctic sea ice (Msadek et al., 2014), precipitation and temperature over land (Jia et al.,
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2015), drought (Delworth et al., 2015), extratropical storms (Yang et al., 2015), the Great Plains Low Level
Jet (Krishnamurthy et al., 2015), cross-timescale model diagnostics (Munoz et al., 2017), and the global
response to increasing greenhouse gases (Winton et al., 2014). Detailed description and the model code are
available from https://www.gfdl.noaa.gov/cm2-5-and-flor website.

2.2. Experiment Setup
The reference experiment for our analysis is a preindustrial control run (without volcanic forcing), where
we selected 30 continuous years of simulations (labeled as year 1–30). This period is more than 200 years
after the initial year of the control run and the simulated global climate is approximately in equilibrium.
Otherwise, we did not set any criteria for the selection of the 30 years. It is expected that the 30 states at
the beginning of each year can cover a natural range of initial conditions for the 30-ensemble volcanic per-
turbation simulations, where historical volcanic forcings are introduced in model integration. Besides this
additional volcanic forcing, all other radiative forcings are kept at the same level as in the preindustrial con-
trol run. Each member of the perturbation simulations is integrated forward for 5 years and is compared to
the corresponding 5-year control run. Taking the Agung volcanic experiment, for example, the first mem-
ber perturbation simulation starts from the initial state of the year 1 from the control run and is forced by
historical volcanic forcings of years 1963–1967 during the 5-year integration. The 5-year perturbation simu-
lation is then compared to year 1–5 of the control run and the difference is defined as the volcanic impact.
Similarly, the nth member perturbation simulation is compared to the segment of the control run from year
n to n + 4 (n = 1, 2, … , 30).

To estimate the radiative forcing at top of atmosphere from each volcanic experiment during the 5 years, we
also conduct a series of “nudged” experiments, where the sea surface temperature and salinity are nudged to
the climatology of the preindustrial fully coupled control run. The nudged perturbation experiments for the
three volcanoes are performed in a similar way to the fully coupled ones, but only 10 ensemble simulations
are applied. The ensemble mean difference of the net radiation at top of atmosphere between the nudged
control run and the nudged perturbation run is used to represent the radiative forcing from each of the three
volcanic eruptions.

2.3. Historical Volcanic Forcing Data Set
The historical volcanic forcing is from the Coupled Model Intercomparison Project Phase 6 stratospheric
aerosol data set and includes: version 3 of extinction coefficients for both shortwave and longwave radia-
tion, and version 4 of single scattering albedo and asymmetrical factors only for the shortwave radiation.
While the data over the period of 1979–2014 are based on satellite observations (Thomason et al., 2018),
they are generally calculated using the AER2D model over the period of 1850–1978 (Arfeuille et al., 2014).
Detailed description of the volcanic aerosol data is available from ftp://iacftp.ethz.ch/pub_read/luo/CMIP6/
Readme_Data_Description.pdf website. The extinction coefficients for the shortwave radiation at the mid-
visible bandwidth (550 nm) summed vertically is shown in Figure S1 in the supporting information as a
function of time and latitude. The difference in the latitudinal distribution from the three volcanic eruptions
are apparent from the figure.

3. Results
3.1. Global-/Hemispheric-Mean Time Series
Figure 1 shows the global-/hemispheric-mean time series of volcanic radiative forcings and impacts from the
three eruptions. The global-mean volcanic forcing from Pinatubo has the largest magnitude and reaches its
maximum of about −3 W/m2 near the end of the eruption year, much the same as that reported in the GFDL
CM2.1 model (Merlis et al., 2014). After that, the forcing returns to the near-zero level in years 4 and 5. The
hemispheric mean aerosol forcing from the Pinatubo eruption shows variations on annual time scale, which
arise from the effect that solar radiation is scattered more in the summer than winter hemisphere given the
same amount of volcanic aerosols in each hemisphere. Besides that, the Pinatubo forcing has little difference
between the SH and NH. However, the response of surface temperature (Ts) does have a contrast between
SH and NH (Figure 1d), largely due to the difference in land area fraction between the two hemispheres.
The interhemispheric difference of surface temperature reaches its maximum in year 2 and can be as large
as 0.3 K.

The relationship between volcanic forcing and surface temperature response differs for the eruption of
Agung in 1963. While the global-mean forcing (Figure 1b) is weaker than that of Pinatubo, with the maxi-
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Figure 1. Volcanic forcing (a–c), responses of surface temperature (d–f), and precipitation rate (g–i) averaged globally
(black), southern hemispherically (blue), and northern hemispherically (red) for the three volcanic eruptions of
Pinatubo (left column), Agung (middle column), and Santa Maria (right column). Lines are the ensemble means while
shadings represent 95% confidence intervals of the ensemble means. All the quantities are smoothed by a 5-month
running average.

mum value around−2.5 W/m 2, the forcing is much stronger in the SH than NH and exceeds that of Pinatubo
in the SH. The forcing contrast between the SH and NH can be as large as 3 W/m2. Due to the strong inter-
hemispheric differentiated cooling, the response of surface temperature from Agung is larger in the SH than
NH (Figure 1e), which is just opposite to that of the Pinatubo case. Relative to Pinatubo, Agung has a com-
parable surface temperature response in the SH but a much weaker response in the NH. As a result, the
global-mean surface temperature response is weaker from Agung than Pinatubo.

The eruption from Santa Maria has an opposite meridional forcing structure compared to Agung, with
stronger forcing in the NH (Figure 1c). Driven by both the forcing structure and the land-area-fraction effect,
the surface temperature response for Santa Maria is much larger in the NH (0.5 K) than SH (0.1 K). The
NH response from Santa Maria is stronger than both the global/hemispheric means from Agung and the
global/SH means from Pinatubo, and only weaker than the Pinatubo NH mean.

Similar to the surface temperature response, the precipitation response is also largest in the Pinatubo erup-
tion in terms of global mean. However, unlike for surface temperature, the precipitation response over the
eruption hemisphere is substantially larger in the two asymmetric volcanic eruptions of Agung and Santa
Maria than in Pinatubo, as shown in Figures 1g–1i. In addition, the interhemispheric contrast is also larger
for Agung and Santa Maria than Pinatubo. The precipitation response over the hemisphere away from the
eruption is positive in general for the two asymmetric eruptions. Therefore, the two asymmetric volcanic
eruptions do have a stronger hydroclimate response hemispherically, although the response in terms of
global mean is smaller than that of Pinatubo.
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Figure 2. Time-and-zonal-mean volcanic forcing (a), surface temperature (b), and precipitation rate (c) for Pinatubo
(black), Agung (blue), and Santa Maria (orange). Lines are the ensemble means while shadings represent 95%
confidence intervals of the ensemble means. The time-mean is over the 3 years following the eruption (i.e., June 1991
to May 1994 for Pinatubo, March 1963 to February 1966 for the Agung, and October 1902 to September 1905 for the
Santa Maria). All the quantities are smoothed by a nine-point (of 0.5◦ model grid cells) running average along the
meridional dimension.

3.2. Zonal Mean Forcing and Responses
Figure 2 shows the zonal-mean forcings and impacts averaged over the three years following the eruption.
The forcing from Pinatubo is approximately symmetric between the two hemispheres, with the highest level
of about −3 W/m2 near the equator. The forcing from Agung is almost identical to that from Pinatubo from
90◦S to 15◦S but starts to weaken further north. In contrast, the forcing from Santa Maria is comparable to
Pinatubo from 90◦N to 30◦N but weakens further south.

Due to the interhemispherically asymmetric cooling, the responses of surface temperature from Agung and
Santa Maria also show a contrast between the two hemispheres. While the response over high latitudes of
the eruption hemisphere is comparable to or slightly weaker than that from Pinatubo, it is much weaker
over the other hemisphere and even close to zero (e.g., 30–60◦S for Santa Maria). An interesting aspect of
the surface temperature response is that the ensemble spread is larger over the extratropics than the tropics
and peaks near the polar latitudes. This might be related to large internal variability due to synoptic weather
systems over the extratropics and ice albedo feedbacks over the polar regions. The response of precipitation
has a different latitudinal distribution from surface temperature. In general, the Pinatubo eruption reduces
precipitation strongly in the tropics and slightly over high latitudes but strengthens precipitation in the
subtropics, somewhat opposite to the “wet-get-wetter” impact of greenhouse gases induced global warm-
ing (Held & Soden, 2006). The two asymmetric volcanoes, however, have a different pattern from that of
Pinatubo. They both greatly reduce precipitation over the higher aerosol loading hemisphere and enhance
precipitation over the other hemisphere, in both the tropics and subtropics. The amplitudes of the response
are also comparable to or even larger than that of Pinatubo. Therefore, Agung and Santa Maria can have
a higher impact on the hydroclimate than Pinatubo, although they have a weaker global-mean forcing or
global-mean surface temperature response.

3.3. TC Response
The high resolution of the FLOR model and its good performance in TC simulation and prediction (Vecchi
et al., 2014; Murakami et al., 2016; Zhang et al., 2018) encourage a direct assessment of the TC responses to
the three volcanic eruptions. The zonal-mean TC density response averaged over the three years following
the eruption (Figures 3a, 3c, and 3e) peaks at around 15◦ latitude in both hemispheres, where the climatology
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Figure 3. Response of TC density to the eruption of Pinatubo (a, b), Agung (c, d), and Santa Maria (e, f). The TC
density is defined as the total TC track duration (in days) per year within a 10◦ × 10◦ grid box centered on each of the
global 1◦ × 1◦ grid boxes. The right column shows the maps of TC density response averaged over the 3 years following
the eruption (i.e., June 1991 to May 1994 for Pinatubo, March 1963 to February 1966 for Agung, and October 1902 to
September 1905 for Santa Maria), where hatched areas indicate significant values at the 0.05 level by the two-sided
Student's t test. The left column shows the zonal mean values of the right column (lines) as well as the 95% confidence
interval (shading).

of the control run also peaks (Figure S3). Although the Pinatubo is the largest eruption among the three
volcanoes, its zonal-mean TC response (Figure 3a) has the smallest amplitude and is only slightly reduced
(increased) in the NH (SH). Agung (Figure 3c) and Santa Maria (Figure 3e) have a much larger TC response.
Quantitatively, the peak responses from the Santa Maria in both hemispheres and from the Agung in the
NH are about 10% of the control climatology (Figures S3 and S6). In both cases, the TC density is reduced in
the larger forcing hemisphere but enhanced in the other hemisphere, similar to the precipitation and ITCZ
response seen in Figure 2c.

The global maps of TC density response (Figures 3b, 3d, and 3f) show some noise but still distinctive features
from the three volcanoes. For example, TC density over the East Pacific basin is in general enhanced from
Agung (Figure 3d) but reduced in most grid boxes from the Santa Maria (Figure 3f), and both enhanced and
reduced TC densities are seen from the Pinatubo (Figure 3b). Another interesting basin is the North Atlantic,
where different responses of TC density from the three volcanoes are most apparent (Figure S5). Pinatubo
has the weakest response, with positive and negative values almost evenly distributed over the basin. In
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Figure 4. Scatter plot of top of atmosphere net radiation versus surface
temperature anomalies integrated over the 5 years of simulation. The filled
circles represent each individual ensemble member. The squares are the
ensemble means. The diamonds share the same surface temperature as the
squares but the top of atmosphere net radiation values come from the
nudged experiments and thus represent the radiative forcings from the
volcanic eruptions. Error bars indicate 95% confidence intervals of the
ensemble means. The dotted/dashed lines link the origin and the points of
squares/diamonds.

contrast, the Agung and Santa Maria drive a stronger response and
show a clear overall TC increase and decrease, respectively. Quantita-
tively, the basin-mean TC density increase (decrease) from Agung (Santa
Maria) can be as much as 30% of the climatology over the first 2 years
since the eruption (Figure S5a). These results are in general consistent
with genesis potential index, or GPI (Emanuel & Nolan, 2004), response
to volcanic forcing in these experiments (Figure S7). Decomposition of
the GPI reveals that components of relative humidity, potential inten-
sity, and vertical wind shear all contribute substantially to the overall
GPI change, while the contribution from the vorticity component is
secondary (Figures S8–S11). This importance of shear, potential inten-
sity and humidity bears resemblance to modeled GPI response to CO2
increase (Vecchi & Soden, 2007).

3.4. Transient Climate Sensitivity
The three volcanoes also show different properties of transient climate
sensitivity and ocean heat uptake efficiency, which is of interest to studies
using volcanic eruptions to constrain transient climate sensitivity (Merlis
et al., 2014). Transient climate sensitivity is defined here as the 5-year
integrated global-mean surface temperature divided by the integrated
global-mean radiative forcing (Merlis et al., 2014), which is inversely pro-
portional to the slope of the dashed lines in Figure 4. While the case of
Agung has a slightly larger slope than Pinatubo and thus a slightly lower
transient climate sensitivity, the Santa Maria has a distinctively smaller
slope and thus a larger transient climate sensitivity (about 20%). This
difference might be related to the interaction of the land-fraction effect
and the disparity of the volcanic forcing distribution. Ocean heat uptake
efficiency (Winton et al., 2010; He et al., 2017) also contributes, at least
partly, to the unique transient climate sensitivity from the Santa Maria
experiment, as indicated by the slopes of the dotted lines.

4. Conclusions and Discussion
Some recent studies have noted the importance of forcing structure in the climatic impact from large vol-
canic eruptions (Haywood et al., 2013; Pausata et al., 2015; Colose et al., 2016). Here we compare the impacts
from three explosive volcanic eruptions in the twentieth century that have different radiative forcing struc-
tures, including the Pinatubo eruption in 1991 (interhemispherically symmetric), the Agung eruption in
1963 (asymmetric and SH dominant), and the Santa Maria eruption in 1902 (asymmetric and NH dominant).
By conducting a suite of 5-year ensemble perturbation experiments using the high-resolution TC-permitting
FLOR climate model, we find the following:

• The mean responses of surface temperature in the higher aerosol loading hemisphere from Agung and
Santa Maria are comparable to that from Pinatubo, although the magnitudes of the two asymmetric erup-
tions are much smaller than that of Pinatubo in terms of global-mean forcing or global-mean surface
temperature response.

• The hemispheric mean precipitation responses are larger from the Agung and Santa Maria eruptions than
the Pinatubo and imply a shift of ITCZ away from the higher stratospheric aerosol forcing hemisphere that
is consistent with previous studies.

• The Agung and Santa Maria eruptions also have a stronger impact on TC activity than Pinatubo and shift
the TC activity away from the large forcing hemisphere. The TC activity response has the most apparent
differences over the North Atlantic basin from the three eruptions.

• The global-mean surface temperature does not respond proportionally to the forcings from the three erup-
tions. The Santa Maria has the largest sensitivity, while the sensitivity from the other two eruptions are
almost identical.

Since its eruption in 1991, the Pinatubo has drawn much more attention in the study of climatic impact
from volcanoes, in large part because it is the largest eruption in the twentieth century and better observed
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than previous eruptions. Pinatubo has been used as a typical example of how an explosive volcanic eruption
can impact the climate (Robock, 2013). Other eruptions in the twentieth century are often assumed to have
a weaker impact (Driscoll et al., 2012). We demonstrate that these smaller eruptions can also have larger
impact, especially on hemispheric regional precipitation and TC activity, inducing an ITCZ shift larger than
that induced by Pinatubo. These results highlight the importance of volcanic forcing spatial structure on
its climatic impact, which has consequential implications on our understanding and interpretations of the
climate in the past or in the future projections.

Most of current climate models do not couple volcanic aerosols directly but rather incorporate their radiative
properties (e.g., extinction coefficient and scatter parameters) in a passive way, which in turn are generally
calculated using stratospheric microphysics/transport models that assimilate limited observed proxies if no
direct satellite observations are available (Sato et al., 1993; Stenchikov et al., 1998; Ammann et al., 2003; Gao
et al., 2008; Crowley & Unterman, 2013; Toohey et al., 2016). Our findings indicate that it is crucial to obtain
an accurate reconstruction of volcanic aerosol radiative property spatial structure in order to get a correct
impact in climate modeling, especially for the hydroclimate. We should take this kind of uncertainty into
consideration when interpreting climate model output that forced by historical volcanic eruptions, for exam-
ple, Coupled Model Intercomparison Project Phase 5 (Taylor et al., 2012) historical runs or the Community
Earth System Model-Last Millennium Ensemble modeling project (Otto-Bliesner et al., 2016).
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